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I, Dcuo Matsui, of 1-18-45 Ninomiya, Tsukuba-shi, Ibaraki-ken, Japan, do hereby 
declare as follows: 

1. I received my bachelor degree from the Department of Agricultural Chemistry, Faculty of 
Agriculture, at Sizuoka University in March 1977. I finished my doctoral course in Nfarch 1985. 
Since April 1985, I have been employed by the National Institute of Advanced Industrial Science and 
Technology (AIST), and have been conducting research in the field of biochemistry. 

2 . I am an inventor of the invention described and claimed in U.S. Patent Application No. 
09/369,735. I have reviewed the Final Office Action mailed June 1 8, 2004. I have full 
knowledge of the present invention and cited references. 

3 . In order to show the differences between the subject matter of the references and the 
subject matter of the above-identified application, the following article, which I have authored, 
"Novel substrate specificity of a membrane-bound p-glycosidase fi:om hyper thermophilic 
archaeon Pyrococcus horikoshiV\ FEES Letters 467 (2000), 195-200, is attached hereto as 
Appendix A. 

The P-glycosidase as set forth by the above-identified application has a novel substrate 
specificity with kcat/Km values high enough for hydrolysis of p-glycosides with long alkyl 
chain at the reducing end (see, e.g., page 19, lines 1 1-12 of the specification). The P- 
glycosidase of the invention also exerts its enzyme activity even at high temperatures and 
maintains the stability in organic solvents (See, e.g.. Figure 2, and page 21, line 6). 

Table 2 of Appendix A clearly shows that the subject specificity of the (3-glycosidase of 
the invention is completely different fi-om that of a similar p-glycosidase from another hyper 
thermophilic archaeon, Sulfolobuss solfataricusis. No other p-glycosidase having the 
substrate specificity as that of the p-glycosidase disclosed and claimed in the above identified 
application has been reported. This substrate specificity demonstrates that the p-glycosidase 
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of the invention, disclosed and claimed in the above-identified application, has novel 
characteristics that, prior to the invention, were not suspected or laiov^n and thus could not 
reasonably be expected to be assayed or determined by one of skill in the art of biochemistry 
by conmionly used assay techniques as suggested in the Final Office Action. 

The position stated in the Final Office Action diat by examining the amino acid sequence 
on of skill in the art would readily know the substrate specificity and the membrane domain is 
incorrect. 

First, one of skill in the art would not expect a p-glycosidase to have the substrate 
specificity described and claimed in the above-identified application. Second, based upon 
teachings in the art, the mere review of an amino acid sequence would not necessarily teach or 
suggest a membrane-binding (MB) domain. In support I submit another article by 
Andersson et al. ("A revised model of the active site of altemative oxidase", FEBS Letters 449 
(1999), 17-22). Andersson et al. shows that the membrane-binding (MB) domain cannot be 
predicted from the amino acid sequence (see 2nd paragraph in the left colmnn on page 21). 

Kawarabayasi et al. discloses the genome sequence of Pyrococcus horikoshii, 
Kawarabayasi et al. do not teach or suggest a purified protein, any fimctional (e.g. substrate 
specificity) or structural characteristics of the P. horikoshii P-glycosidase. Thus, the 
position relied upon in the Final Office Action is misplaced as a person skilled in the art, such 
as myself, would not expect (based upon the known teachings in the art) that; 

(a) the p-glycosidase would have a MB domain pursuant to Andersson et al.; 

and 

(b) would not have the substrate specificity identified by the inventors of the 
above-identified application. 

These characteristics could not be known without first purifying the p-glycosidase and could 
not be gleaned from the amino acid sequence itself. As described above, there are many 
characteristics that cannot be predicted fi-om the amino acid sequence of the enzyme, even if 
such characteristics are inherent in the enzyme. 

4. I believe that it is impossible for persons skilled in the art to forecast the characteristics of 
the p-glycosidase of the invention based upon the genome analysis of Kawarabayasi et al. 

5 . I ftirther declare that all statements made herein of my own knowledge are true and that 
aU statements made on information and beUef are believed to be true; and ftirther that these 
statements were made with the knowledge that willful false statements and the like so made 
are punishable by fine or imprisonment, or both, under Section 1(X)1 of Tide 18 of the United 
States Code and that such willful false statements may jeopardize the validity of the application 
or any patent issuing thereon. 

Date: of October , 2004 
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Abstract The plant mitochondrial protein alternative oxidase 
catalyses dioxygen dependent ubiquinol oxidation to yield 
ubiquinone and water. A structure of tbis protein has previously 
been proposed based on an a^>sumed structural homology to the 
di-iron c4rboxyl»te family of proteins. However, these authors 
suggested tljc protein has a very difTcrcnt topolo;^ tfian tlie 
known structures of di-iron carboxylate proteins^ We have re- 
examined this model and based on comparison of recent 
sequences and structural data on di-iron carboxylate proteins 
we present a new model of the aUemative oxidase wliJcli allows 
prediction or active site residues and a possible membrane 
binding motif. 

© 19^ Federation of European Biochemical Societies. 
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1, Introduction 

The di-iron carboxylate protein family has prograssed from 
being considered an exotic member of the mctalloproteins to 
becoming recognised as an important family of rcdox-active 
iron proteins. The number of di-iron carboxylate proteins 
discovered has grown in recent years and their functions as 
catalysis of a number of important redox reactions has been 
revealed. The best-siudicd di-iron carboxylate proteins are the 
R2 subunii of ribonucleotide reductase (RNR R2) [1] and the 
hydroxylase subunit of the soluble methane monooxygenasc 
(MMOH) [2-7]. Tlic reaction mechanism and molecular struc- 
ture of these proteins have been studied in great detail. The 
active site consist of a binuclcar Fe centre coordinated by 
two histidincs and four carboxylate residues (Fig, lA), Most 
of these enzymes catalyse dioxygen dependent redox reactions 
involving highly reactive ferryl-oxo intermediates and conse- 
quently can perform powerful chemistry including the gener- 
ation of an organic radical (RNR R2) and the hydroxylation 
of methane to form methanol (MMOH). Other di-iron pro- 
teins of this family are the ferritins [8], stearoyl-acyl carrier 
protein A^-dcsatiu:ase (A^-desaiurasc) [9,10] and rubrerythdn 
[1 1,12], for which structural data are available. Sequence com- 
parisons suggest some additional hydrocarbon hydroxylases 
to be members of this group [13]. 

The di-iron carboxylate proteins can be divided into two 
groups (in SCOP classilication termed *K.NR R2-likc proteins' 
and Tcrriun-Jike proteins'), which all share a central four-helix 
bundle providing the carboxylate dominated Grst Ugand 
sphere to the Fe centre. Among the RNR R2-like proteins. 
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vinually no sequence homology exists, with the only similarity 
being the occurrence of an EXXH motif on both the second 
and fourth helices of the bundle. The first and third helices 
provide the terminal carboxylate ligands and the only true 
characteristic of these helices is the presence of one carboxy- 
late residue per helix. As can be seen in Fig, I A, the two 
histidines both coordinate the Fc centre from the same side 
and the two glutamatcs in the EXXH motifs (El 15 and E238) 
serve as the bridging ligands* This arrangement requires thai 
helices 2 and 4 lie anti-parallel next to each other (Fig. IB), 
The spacing of the dillerent ligands always follows a specific 
pattern characteristic to these enzymes (Fig. 2). In the four- 
helix bundle, the helices are arranged in two pairs. Helices 1 
and 2 form one pair and helices 3 and 4 form another pair. 
Within these pairs the spacing between the two co-ordinating 
carboxylatcs is always around 30 amino acids. The spacing 
between the two helix pairs is more variable with rubrerylhrin 
having the shortest spacing and RNR R2 from Escherichia 
coli having the longest. In rubrerylhrin the connection be- 
tween the helix pairs consist of just a p-strand while in 
RNR R2 the coimecting sequence consist of two a-hcliccs 
and two p-strands making up the tip of the heart-shaped 
structure. 

The mechanism of O2 activation is probably similar in tlie 
di-iron carboxylate proteins [13]. The starting point for the 
reaction is the reduced, di-ferrous form of the en^ryme. The 
metal centre reacts readily with O2 and this results in the 
formation of a di-ferric-peroxide intermediate. This peroxide 
intermediate has been detected in MMOH [14], RNR R2 
[i5»16] A® -dcsaturase [17] and a ferritin [18]. The next step 
in the reaction is the formation of the ferry 1 species, which 
has only been detected in MMOH [19] where it is the methane 
oxidising species. In RNR R2 one proton and one electron are 
supplied externally via a specific proton/electron transfer path- 
way [20-23] to generate intermediate X, an Fe(UT)-Fe(IV) 
species [24-28] which is the precursor to the di-ferric tyro- 
syl -radical species. 

Among the other proteins known to contain a di-iron site, 
none arc capable of activating molecular oxygen. Instead the 
metal centre is used either for O2 transport, as in h emery thrin 
[29] or for phosphoryl transfer reactions, as in purple acid- 
phosphatasc [30], Like the ferritins, hemerythrin is a four-he- 
lix bundle but the order and direction of the helices is different 
from the RNR R2-like proteins [31-33]. Furthermore, in hem- 
erythrin the ligands to the Fe centre arc five His and two 
bridging carboxylate residues. Even though hemerythrin is a 
four-helix bundle the spacing of the Fe ligands is different 
compared to the RNR R2-like proteins. The fin>t helix in 
the bimdle provides one iigand while the other three helices 
provide two ligands each to the Fe centre. The spacing of the 
ligands on these three last helices are; helix 2: HXXXE, hclbc 
3: HXXXH, and helix 4: HXXXXD. 

In purple acid-phosphatase the di-iron centre is coordinated 



0014-5793/99/120.00 O 1999 Federation of Europccm Biochcmicfil Societies. AU rights reserved 
PII: 50014-5793(99)00376-2 



04- 8-27:1 9:3 0 *^ifmm^m 



;0354251813 



# 4/ 8 



IS 




Fig. 1. A: The di-fcrrous form or the iron centre in RNR R2. B: 
Arningcmcnt of thts helices in the four-helix bundle of the R2-typc 
of di-iron proteins. The £ and H of ihc two EXXH motifs arc indi- 
cated. The lielix numbers are placed in the N-terminai end of each 
hcli^, Tliese Ggurc.'; were drawn using Molscript [54]. 

by 3 His. two Asp, one Asn and one Tyr [34]. The ligands to 
the di^h-on site are provided by loops emerging from 2 p- 
shccts and the structure of this protein is not related to the 
RNR R2-Iilce proteins. 

Other metal ions can' be used for ihe purpose of activating 
coordinated waters or hydroxides, eg. manganese in arginasc 
[35]. In the crystal structure of this protein a di-Mn centre 
with a coordination highly similar to the RNR R2-Uke pro- 
teins was found [36]. The Mn-Ccntre is coordinated by four 
carboxylates and two His, but this is an enzyme with ot/p 
stioieture and the Mn ligands are provided by loops between 
a central p-sheet and the surrounding helices. 

Consequently, several structural motifs exist which can ac- 
commodate a di-nuclcar metal centre, but all of the proteins 
with known structures containing the EXXH moiil's have the 
same fold of the central four-helix bundle. No other known 
protein folds containing a di-metal centre has an EXXH motif 
in the ligation sphere of the metal site. 
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2, Altcmutivc Oxidase 

In the mitochondria of plants, fungi, yeast, and trypano- 
somes the respiratory chain has an additional protein, in ad- 
dition to cytochrome c oxidase, that can act as the terminal 
electron acceptor [37]. The substrates of this 'alternative oxi- 
dase' (AOX) are ubiquiaol and dioxygen, which are converted 
to ubiquinone and water respectively [38,39]. Respiration can 
thus be uncoupled from proton pumping across the matrix 
membrane. This enzyme was discovered as it retains catalytic 
activity in the presence of cyanide, a potent cytochrome c 
oxidase inhibitor [40]. 

Due to its strong association to the mitochondrial inner 
membrane, purification of the alternative oxidase has been 
troublesome and pure preparations of this protein have not 
yet been produced. Instead the biochemical work has been 
performed on partially purified enzyme or mitochondrial 
membrane fractions. There is evidence that the alternative 
oxidase activity requires iron [41] but the preparations of 
the ett^yme produced to date do not show any EPR signal 
or absorbance above 350 nm [42]. This is unusual for a Fe 
protein but similar to MMOH [43] and Siedow et al. sug- 
gested in a previous modelling study that the alternative oxi- 
dase contains a di-iron centre (44,45J. In the alignments of the 
alternative oxidase sequences known at the time this proposal 
was made, three EXXH motifs were found to be conserved 
[44,46], Two of these motifs were suggested to be involved in 
forming the di-iron centre. From proteolysis studies it was 
shown tliat the N and C-tcnnini of the protein are on the 
matrix side of the membrane [47] and from hydropathy plots, 
two hydrophobic regions proposed to span the membrane 
were found [37,48]. Since the JEXXH motif nearest the N- 
terminus Ls lying between the two proposed transmembrane 
regions, this EXXH motif was predicted to lie in the inter- 
membrane space, hence it could not be involved in forming 
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yig. 2, Sequential spacing of the Fe ligands in di-iron carboxylaie 
proteins. This list includes all proteins of this class for which an X- 
ray crystal .structure is available. R2 e. coh': RNR R2 (NrdtJ) from 
Escherichia coU [55J. R2 S. typhi: RNR R2 (NrdP) from !iabmnelUi 
fyphimuHum [56]. R2 mouse; RNR R2 from mou.sc [57]. MMO M. 
capsu\ the a-subunit of the methane monooxygcnase hydroxylase 
from Methylococcus capywlatits (Bath) [58]. The crystal structure of 
the MMO hydroxylase from Methylosinum trichospormm (OB3b) 
(59) has also been determined and the ligand numbering and spacing 
is tdeiuical lo the M. capsuiatus enzyme. A^' di^rurase: stearoyN 
acyl carrier protein ^'•'-desaiurasc from castor {Ricmus cammunix) 
[10]. Bactcriofcrritinr bactcriofcrdtin fcom E. coli [60]. Rubrcry- 
thrin: rubrcryUirin from Destj(fo^ibrio vitl^aru (Hildcnborough) [12]. 



04- 8-27;19:30 



0354251813 



M.R Andersfton, P, NordlundJFERS Let Uts 449 (J99<^J J 7-22 



AXIB_ARATII 
AOXJ JOYBN 

AXIC^ATH 
AOXI_TOBAC 
AVXIA.ORYS 

AOXi_SaOCU 
AOK_CaT(10 
AOX2_aJUTH 

aoxi_manin 

AOX2_50YBN 
ADXJ.SOYBN 
AOXIU.ORYS 
AOX_iU:AMA 
AOXt.CHLRE 

AOx_hreuCR 

AOXJlANAfw 
AOX.TftVftfJ 
AOX_CHI-*;P 




AXJB.>RATH 
AOXI_S0YBN 
AX1A_ARATH 
AXIC.ARATH 
AOXlJ|t>llAC 

AOX2.TC>nAC 

AOXI_^UaLJ 

AOX.CATRO 

AOX2_AiUTH 

AOXl_MANlN 

A0X2_i(OYDN 

aOX>_$OYUN 

AOXJft_OftyS 

AOX_ZEaMa 

AOXI_CHLJl£ 

AOX.^fEUCR 

AOK.,llAWAN 

aC)X,*I'KYUD 

AOX_CllJ,Sr 



Y E 

Y G 

y c 

Y P. 

Y E 

Y E 

Y E 

Y E 

Y C 

Y U 

y R 
y E 

H E 
WE 
T E 
A F 
I, M 
P T 
P L 
MFla. 



A V| 

r V 

I T V 
1 S V 
A Vl 
T V| 
P A V[ 
" A V| 
F A Vl 
M L Vf 
L A Vt 
L A VT 
H T AI 
L A At 
T v[ 
L Af 
L O aB 
Y MOR 

1 t[ 

L L aE 



F N 
I- N 
r N 
I* N 
P N 
F N 
N 
F N 
F N 
F N 
H N 
P K 
P N 
F N 
F N 
F N 
P N 
A N 
V U 



A y 

A y 
A y 

A Y 
A Y 
A Y 
A V 
A V 
A Y 
S F 
S F 
A F 
A F 
A Y 
A y 
A y 
A M 
L F 
F L 
M V 



F L 

F L 

L I 

F V 

1^ L 

l' V 

P L 

P L 

P V 

F V 

F V 

F V 

I' V 

P L 

F I 

F L 

F L 

L V 



260 

7f a 

F A 



cm. 



R M V[ 
R M F [ 
R M vf 
R M V[ 
1 vB 
K V V[ 
K I 

ft V V[ 
R J 

V V[ 
R 1 

R I vr 

R F V[ 

K H vf 

R V vf 

A P V[ 

R F vr 

R F VP 
R F vC 
A V vD 



I, IS £ E A 

1. i; M K A 

I. P. I; L A 

1- P. li L A 

L n F. r ,\ 

L E F. r. A 

L E E R A 

L £ £ H A 

I- L H R A 

\. \ i I -: K A 

I. iv i- i; A 

L K ^. t> 

L R r. R A 

L n E r- A 

L E E E A 

L 1/ 1;' L- A 

I. FI L li A 

I. t- t'. 1.^ /\ 

I. R R P. A 

L R r. R A I 



|T>. 



It g 1 
IxJh [ 



K £ 
K E 
K E 
K E 
K D 
K li 
K 17 
N P. 
K D 
Vi D 
K D 
N A 
K □ 
K t> 
V P. 
R £ 
K D 
R A 
H □ 



N C N 
K C N 
K au 
N a N 

K □ N 

A G K 

K C N 

6 C A 

K o r* 

N C K 

n A 

5 □ A 

5 G K 
A G K 
A C K 
A C K 
R 0 II 
S K ft 
£05 
A C H 



I 

P K ws 
K V 



3M 
E K V P 
E N V P 
E N V P 
E N V P 
U N V P 
I> M V p 
0 N V p 
Q D C P 
E N V P 
E N V A 
K N t P 
E N V P 
U N V p 

a N r r 

E X h f 

K D T P 

D E K F £ 

D D V N 

C M F P K 



A r A 1 

A \' /\ \ 

A P A I 

A P A [ 

A P A I 

A P A I 

A P A I 

A P A I 

A A ( 

A P A I 

A P A I 

A P A I 

A P A I 

A P A t 

A r A I 

A P P V 

1 P £ M 

L P E I 

WL A C 

A P K T 



AXia_AllATH 

AOXl_SOyBN 

AX1A_ARATH 

AX iC^ RATH 

AOYi.TODAC 

AOX I AjOft YS 

AOXi_TaBAC 

AOXl SAUCU 

aOX.&ATXO 

AOX2_AJcAni 

AOXI_MaMIN 

AOXJ^YBN 

aOX-I-SOYDN 

AOXtM_0KYS 

AOX:.J!£aMa 

AOXl.CHLRE 

AOX NEUCR 

AOXJiANAN 

AOX TRYQn 

AOX_CHLSP 




310 

Y A S D I 
f A 5 D I 
P A 9 V\ 

Y A S D I 
F A S D I 
F A S D I 
r* A P D I 
P A 5 D V 
y A S D I 
F A S D I 
F A S D V 
P A 5 D I 
P A S rj I 
F A S □ t 



H Y O 
H y Q 
H Y Q 

n y Q 
H y 0 

H Y (J 

H Y O 

H Y Q 

U Y K 

R sr Q 

Q V q 
K F Q 
K H Q 

QQ y 



TLSQLNPS 
Tl, $ NLDQK 
T L A K J. il Q K 
FVTCTKN 
It t 5 £ I PSD 



Fig 3. Multiple sequence alignment of tUe most conserved region (residues ] 65-335, S. suttatum numberine) of the alternative oxidase sequen- 
S^' y^^wn to date. Numbcnn^! corresponds to the $. guftarum sequence. Arrows under the sequences correspond to the proposed Fc licands. 
. ^a*?=gr<?"i}d corresponds to residues completely conserved between all species. Grey biickground corresponds to conservative sub<!tiiu- 
HL^ OP '""A' ^™ "^J!Il?r^l? ^^^^"^filive oxidase; NEUCR: Neurospora cfassa. ARATH: Arahidopsis 

[LJ^' 7^ • * ^^-f *^'r-?LS"y^?' <^^'^<^y^O'*'Onas remhardtii; SAUGU: SauromaWm frutiatum; CHI.5P: Chkimydvmonas sp.; SOYBN: 
r^L^M^oiS A '"r^' kT^SIxP^'w '"'"''i'"' TOBAC: tobacco plant {Nicotiaixa tahacum); HANAN: HansL-nula anomala; TRYBB: 

Trypanosoma bnicei hrucei; MANIN: Manful/era irtdica; ZEAMA: Zea mays. 



the Fc centre, since the C-ternninal part would be on the 
matrix side. Assuming the existence of two transmembrane 
helices, Ihc authors instead used the two EXXM motifs closest 
to the C-terminus to build a model of the di-lron site and the 
central four-helix bundle inspired by the structure of MMOH 
and RNR R2. However, the model that was presented is not 
tn agreement with what is known about these proteins in 
regards to ligand spacing and order and direction of the heli- 
ces in the bundle. The helices are unusually short and the 
EXXH motifs appear on the first and fourth helices instead 
of on the second and fourth helices in the bundle- Since this 
proposal was made the model has been the basis for planning 
expression experiments, mutagenesis experiments and inter- 
pretation of data and seems to have gained acceptance as a 
true structure of the AOX active site. We therefore feel the 
need to point out weak points in this model and present an 
allcmative model for the structure of the AOX protein. 

The Siedow model suggests a di-iron site residing in a topo- 
logically and therefore cvolutionarily unrelated fold to the 
RNR R2-like family. This is problematic from an evolution- 



ary perspective and our doubt is further supported by addi- 
tional sequence data that have recently become available, 
which show that one of the EXXH motifs used to build the 
model is not evolutionarily conserved. Meanwhile, the EXXH 
motif Considered unlikely due to its proposed positioning in 
die intermcmbranc space, is fully conserved (Fig. 3). Based on 
these observations we present a new model of the alternative 
oxidase. This model shows how AOX could accommodate a 
di-iron centre within an RNR R2-likc fold and further sug- 
gests possible ways of how AOX could interact with the mem- 
brane and bind the ubiquinol substrate. 

3. Results and discussion 

i. Overall structure of A OX 

As the previously proposed mode) of the active site of the 
alternative oxidase [44] appears Incorrect, with one of the 
proposed iron ligands not being conserved, we present a 
new structural model where only conserved residues arc mod- 
elled as Fe ligands and which is consistent with an evolution- 
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a)RNRR2 



b)AOX 




r^Tj^'.,"^oT^^'^'*^^y '"'^'^ ^""^ ^iltcmativc oxidase, 

in KNR R2 the two hydrophobic regions 85-115 and 190-230 cor- 
r^pond to hchx C and helix E respectively. I-Iclix C is involved in 
mtcracitom fornnine the RNR R2 dimer and hclbt E completely 
buncd m the RNR K2 monomer surrounded by more amphiphilic 



ary relationship to the RNR R2-likc proteins. After Careful 
sequence comparison we decided to use the structure of the 
A ^desaturase protein as a template for modelling the most 
conserved, central part of AOX. The main reason for selecting 
A -dcsaturasc as a template was that the spacing of Fc ligands 
in the AOX sequence agrees best with that of the A^-cJesatur- 
asc. The model, which was built using QUANTA (Molecular 
Simulations Inc.). consist<! of residues 165-335 (Sauromaii4m 
guttatimi numbering) and covers tlie four-helix bundle plus 
the connectmg region between hchccs 2 and 3. According to 
our prediction, residues 286-304 would be an insertion be- 
tween helices 3 and 4, hence they were not built into the 
model. The assignment of the two hydrophobic regions in 
AOX as being transmembrane is not consistent with our mod- 
el, we have therefore reevaluated the predictions of the trans- 
membrane helices and found them not to be unambiguously 
predicted (using e.g. the Kyte-Doolittle method). Instead our 
model suggests that AOX could be an intcrfacial membrane 
protein, or that the hydrophobic hdices coiiJd be involved in 
protcm-protcin interactions attaching the alternative oxidase 
to other membrane bound proteins. Alternatively, the hydro- 
phobic helices could be bui-ied. cither in the core of tlie pro- 
tem or in the dimer interface. In fact, a study conducted to 
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map the topology of the alternative oxidase failed to conclude 
that the protein has a transmembrane region [47]. Comparison 
of hydropathy plots of the other di-iron carboxylate proteins 
show that helices which are completely buried within the pro- 
tein can have a hydrophobicily similar to that found in the 
hydrophobic regions of alternative oxidase (Fig. 4). Another 
enlightening example of the failure to predict the structure of 
a membrane bound protein is that of prostaglandin Hi syn- 
thase- 1 [49]. This protein contains one stretch of sequence that 
was predicted to be a transmembrane helix [50J but when the 
crystal structure of this protein was determined it turned out 
that this region is not involved in membrane binding but in- 
stead is an integral part of the catalytic domain. 

3.2, Model of th^ active sit& 

We propose tliat the iigancJs to the Fe centre of AOX are 
El 78. E217, H220, £269, E319 and H322 (Fig. 3). In analogy 
with the other di-iron proteins E217 and E319 are bridging 
carboxylatcs, while El 78 and E269 are terminal ligands. This 
model gives spacing of sequence motifs that is more in agrcc^ 
mcnt with the di-iron carboxylate proteins (Figs. 5 and 6) 
even though one major discrepancy still exists, the E269 res- 
idue, which gives a longer second helix pair than is normally 
found in di-iron proteins. One other possible Fe ligand is 
D253» which is conserved as D or E; however, the D283 
residue is in a region of much lower conservation tlian E269 
and is only four amino acids away from where insertions 
appear to have occurred making it less probable that this 
region is in a four-helix bundle. 

On helix 3 there are three possible Fc Hgands (i.e. E268, 
E269 or E270). Finding the correct Fe Hgand among these 
three residues is not trivial but comparisons to the AMe.satur- 
asc give some hints. On each of helices 1 and 3 of A^-desatur- 
ase there are three hydrophilic residues (T104, EI05 and E106 
on helix 1 and Q/R195 E196 and Rl97 on helix 3) of which 
E105 and E196 are the Fe hgands. It seems that the structure 
can accommodate one hydrophilic residue on each side of the 
Fe ligand- We therefore assigned E269 as the Fe hgand of 
iielix 3 in AOX but if E26S or E270 were to be tlie true Fc 
ligand, the main conclusions from our model would still be 
vahd. 

In all other R2-like di-iron proteins the Fe binding histid- 
ines make hydrogen bonds from the 81 nitrogen (the nitrogen 
not involved in Fe binding). This is also true in our model of 
AOX where these hydrogen bonds arc provided by residues 
D3I8 and N216 (see Fig. 7). 

One disturbing property of the Siedow model, apart from 
the fold of the four-helbc bundle, is the fact that Fe Ugands arc 
missing. There is no equivalent to E204 in R2 and the histi- 
dine corresponding to HI 15 is not cvolutionarily conserved. 
In other di-iron proteins with one histidine missing, either no 
dinuclear metal centre is formed (as in RNR R2 Hil5A) or its 
structure is significantly perturbed (as in RNR R2 H241A) 



Helix 1 

Ale ox. Sicdow-R-H- 

270 273 ^ 9 > 



2S3 



Helix 3 
-No li^aiKls- 



Helix 4 

_E-H— 
319 322 



Alt. ox. New 



178 



< 38 > 217 220 < 47 > 268 < 30 > 319 322 
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{51]. If one carboxylatc and one histidine is missing the Fe 
centre is formed only transiently with no evidence for high- 
vaJent species being formed (as is the case in e.g. the ferritins) 
152). ^ ^ 

3.3, Ubiquinol binding site 

One intriguing feature of this model is that when the se- 
quence of the alternative oxidase is tnapped onto the structure 
of the A^-dcsatut-ase protein according to our proposed mod- 
el, a hydrophobic crevice reaching down to the Fe centre is 
formed. This crevice is some 5 A wide and 10 A long and is 
lined by the sraall» conserved amino acids LI 77, Al Si, p 184 
G I85, V187, L210. A/S214, G265, L268 and V/I272. A similar 
crevice is seen if RNR R2 is used as a template for model 
building. In this case the crevice is smaller and less hydro- 
phobic and is lined by residues A181, PI 84, A/S214, I-I261, 
G265 and E26S. These residues arc all positioned one and two 
helix turns from the Fe ligands on helices I, 2 and 3. This 
crevice could serve as a ubiquinol binding site and it is fairly 
close to two residues (corresponding to F259 and V263 in S. 
i^uttatum AOX) which have been proposed, from a mutagen- 
esis screen, to be involved in ubiquinol binding in the Arabi- 
dops'm Oialiana alternaiivc oxidase [53], 



3.-4. MemhtariH binding domain 

Jn the model of AOX presented here one possible mem- 
brane binding domain becomes evident. The connecting se- 
quence between the two helix pairs (residues 236-255) is 
highly hydrophobic and is" one of the regions predicted to 
be transmembrane. This connecting sequence together with 
the Otermiiial part of helix I (residues 180-190) forms a 
hydrophobic region that could be inserted into the membrane 
in a manner similar to prostaglandin H2 synlhase-1 (Fig. 6). 
This region is lined by several conserved, positively charged 
residues (RyHl73, HI93, R198, R218, K/R235 and K/R258) 
that could interact with the phosphate groups on the phos- 
pholipid membrane. Furthermore, the crevice we propose to 
be the ubociuinol binding site opens up towards this hydro- 
phobic domain which would explain how ubiquinol can access 
the active site of the enzyme. This is also similar to the pros- 
taglandin Ha synthase-l where a substrate binding chaimel 
leads from the membrane binding domain into the active 
site in the catalytic domain. 



However, the part of tlie structure connecting helices 2 and 
3 in the other di-iron carboxylaie proteins is normally part of 
the dimer interface and this could also be the case for AOX 
since this protein is believed to be a dimer. Several olhcr 
modes for attaching the protein to the membrane, such as 
protein-protein interactions or a membrane binding motif in 
the less conserved N*terminus of the protein, are also possible. 

4. Conclusions 

In the present study wc propose a structural model of the 
membrane protein alternative oxidase. This protein was pre- 
viously predicted to be a di-iron carboxylate protein and a 



ei7o 



'--^ E319 
^ EZ17 ^ 



AOX new 



AOX Siedow 



7 E143 

2Sa ^ I E142 

Dosaturase 



> 



it — o 



I 043 



R2 



Fig. 7. Comparison of the He cetiU'es of the iwo AOX models and 
A^'dcsaturase and RNR R2. 



0 4- 8-2 7:1 9:3 0 ;^ifm^mm 



0354251813 



# 8/ 



22 

model of Ihc active site of AOX was presented. However, this 
model was not in agreement with the structure of other di-iroii 
carboxylate proteins since the order and length of the helices 
in Ihc foui'-helix bundle was difTcrcnt. Our new raodeJ corre- 
sponds well with a common evolutionary origin of AOX and 
the di-iron carboxylate proteins since the size and order of the 
four helices in the bundle and the spacing of Fe ligands in the 
sequence is similar to di-iron carboxylate proteins. Our model 
is also consistent with recent sequence information on AOX 
since the residues we propose to be Fe ligands arc completely 
conserved between all species. Furthermore, our model sug- 
gests that AOX is an interfacial n:iembranc protein (or at- 
tached to the membrane via protein-protein interactions) 
without any transmembrane helices in analogy with prosta- 
glandin Ha synlhasc-1. This model can now be experimentally 
tested and used to guide mutagenesis studies to probe Fc 
binding and ubiquinol binding residues and allow for better 
plamiing of expression and purification efforts on this protein. 
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Abstract A p-glycosidase gene homolog of Pyrococcus hori- 
koshii (BGPh) was successfully expressed in Escherichia coli. 
The enzyme was localized in a membrane fraction and solubilizcd 
with 2.5% Triton X-100 at 85°C for 15 min. The optimum pH 
was 6.0 and the optimum temperature was over 100°C, 
respectively. BGPh stability was dependent on the presence of 
Triton X-100, the enzyme's half-life at 90°C (pH 6.0) was 15 h. 
BGPh has a novel substrate specificity with kc^fi^m values high 
enough for hydrolysis of p-o-Glc/? derivatives with long alkyl 
chain at the reducing end and low enough for the hydrolysis of ^ 
linked glucose dimer more hydrophilic than aryl- or alkyl-p-D- 
Glcp, 

© 2000 Federation of European Biochemical Societies. 

Keywords: p-Glycosidase ; Thermophilic archaeon; 
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1. Introduction 

The current biotechnological interest in enzymes from ther- 
mophilic microorganisms is motivated by their ability to work 
under conditions normally denaturing for mesophilic en- 
zymes. Whereas conventional enzymes are irreversibly inacti- 
vated by heat, the enzymes from these extremophiles show not 
only great stability but also enhanced activity in the presence 
of common protein denaturants such as heat, detergents, or- 
ganic solvents and proteolytic enzymes [1-5]. Thus, these mol- 
ecules have considerable industrial potential by giving better 
yields under extreme operational conditions. Among the pos- 
sible applications of such enzymes from thermophiles, the 
enzymatic synthesis of glycosides [6,7] and the saccharification 
of cellulotic materials by (3-glycosidases have long been rec- 
ognized as important and have recently received renewed at- 
tention from the pharmaceutical industry [6]. 

A P-glycosidase gene homolog (ORF ID: PH0366) was 
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Abbreviations: BGPh, p-glycosidase from Pyrococcus horikoshii; 
BMPh, a p-mannosidase gene homolog from P. horikoshii; BGPf, 
p-glucosidase from Pyrococcus furiosus; BMPf, p-niannosidase from 
P. furiosus; Sp-gly, p-giycosidase from Sulfolobus solfataricus; IPTG, 
isopropyl-p-D-thiogalactopyranoside; His-BGPh, BGPh with His-tag; 
SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electropho- 
resis; X-Glu, 5-bromo-4-chIoro-3-indolyl-p-glucopyranosidc; ;;-Nph- 
p-D-Glc/7, /?-nitrophenyl-p-D-glucopyranoside; LA-p-D-Gic;;, p-o-glu- 
copyranosides with long alkyl chains 



identified from the hyperthermophilic archaeon Pyrococcus 
horikoshii through genome sequencing [8,9]. The gene 
t (BGPh) was successfully expressed in Escherichia coli and 
proved to be a membrane protein. The gene product was 
purified to homogeneity and the substrate specificity was char- 
acterized in detail Here, we report its novel substrate specif- 
icity and enzymatic behavior as a membrane protein. 

2. Materials and methods 

2.1. Chemicals 

The pET-lla vector was purchased from Stratagene. The pET-15b 
vector and E. coli strain BL21(DE3) were obtained from Novagen. 
Vent DNA polymerase was purchased from New England Biolabs. 
Restriction enzymes were purchased from Promega and Toyobo (Osa- 
ka, Japan), and were used according to the manufacturers* recommen- 
dations. Ultrapure dcoxynucleotide solution (dNTPs) was obtained 
from Pharmacia Biotech. Isopropyl-p-o-thiogalactopyranoside 
(IPTG) was from Takara Shuzo (Otsu, Shiga, Japan). 

2.2. Cloning and expression of the gene 

The genome of P. horikoshii was sequenced using the method of 
Kaneko et al. [10]. Standard cloning techniques were used throughout. 
The gene encoding p-glycosidase (BGPh) was amplified by the PGR 
method using the following two primers: TAAGAAGGAGATA- 
TA CATATG CCG CTG A A ATTCCCGG A A ATGTTTCTCTTTGG- 
TACC (upper primer, containing an Ndel site as underUned); 
TTTACTGCAGAGA GGATCC CTAATCCTAAAGTTGAAGTTC- 
TGGTAG (lower primer, containing a BamWl site as underUned). 
The PGR product was cloned into expression vectors pET-lla and 
pET-15b using Ndel and BamHl sites. The resulted vectors were des- 
^ ignated as pET-lla/BGPh and pET-15b/BGPh, respectively. The ab- 
sence of additional mutations within the coding region of BGPh was 
verified by sequencing on an Applied Biosystems 373 A DNA se- 
quencer (Taq DyeDeoxy Terminator Cycle Sequencing kit, Perkin- 
Elmcr). 

The £. coli strain BL21(DE3) was transformed with the pET-lla/ 
BGPh plasmid to express mature BGPh and pET-15b/BGPh plasmid 
to express His-tagged BGPh. The transformant colony was propa- 
gated in 2x YT-Hampiciliin medium at 37X and was induced at 
ODa)o= 1 with 1 mM IPTG for 4 h. The induced cells were collected 
by centrifugation and stored at -20°C. The frozen cells (7 g) were 
mixed with 10 ml of 50 niM Tris-HCl buffer (pH 7.5) containing 1 mg 
of bovine DNase 1 (Sigma) and incubated at 37*'C for 30 min. Triton 
X-100 was added to the suspension, resulting in a final concentration 
of 2.5%. Then, the cell suspension was heated at 85**C for 10 min and 
cenirifuged at 5000 X^e for 20 min. The supernatant was collected and 
stored at 4°C. 

2.3. Purification of recombinant protein 

The solubilized recombinant BGPh with His-tag (His-BGPh) was 
subjected to afllnity chromatography with Ni-conjugated Sepharose, 
using a stepwise cluiion from 5 mM to 1 M imidazole in 20 mM Tris- 
HCfCpH 8.0) with 0.5 M NaCl solution (His-bind Buffer kit, Nova- 
gen) containing 0.1% Triton X-100. His-BGPh was eluted with 100 
mM imidazole with 0.1% Triton X-100. The enzyme samples were 
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analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophore- 
sis (SDS-PAGE) [11]; a low molecular weight electrophoresis calibra- 
tion kit, purchased from Pharmacia Biotech, was also run. The puri- 
fied protein demonstrated a single band with a molecular weight of 35 
kDa measured on SDS-PAGE followed by Coomassie blue staining. 
The protein concentration was determined using a Coomassie protein 
assay reagent (Pierce Chemical Company). The His-tagged protein 
was detected with QIAexpress Detection System (Qiagen) after blot- 
ting onto a nitrocellulose membrane (Pharmacia Biotech). 

2 J. Cellular localization of the activity 

Localization of the BGPh activity in E. coli transformant cells 
(BL21(DE3)/pET-na/BGPh or BL21(DE3)/pET-15b/BGPh) was ex- 
amined by fractionation of the cell components. The cell membrane 
was isolated as follows: 7 g of the induced cells, which were frozen at 
-20°C, was thawed and mixed with 10 ml of 50 mM Tris-HCl buffer 
(pH 7,5), The cell suspension (suspension I) was sonicated with a 
Sonifier 250 (Branson) for 4 min at an output control level of 4 and 
at 30% duty cycle. The sonicated sample was cenlrifuged at 9000 Xt,^ 
for 10 min to remove cell debris, then the supernatant (12 ml) was 
ultracentrifuged at lOOOOOx^ for 1 h to separate the membrane frac- 
tion (1 ml) from the supernatant. The enzyme reactions were carried 
out at 90°C for 15 min in a solution (200 containing 1.2 mM 5- 
bromo-4-chloro-3-indolyl-p-glucopyranoside (X-Glu) and 5 ul of each 
fraction, as the enzyme source, in 50 mM phosphate buffer (pH 6) 
with 0.3 M NaCl. After the reaction, the solution wa.s cooled in ice 
and diluted with 1 ml of water; the absorbance at 620 nm was im- 
mediately measured. As a control, the assay reactions were performed 
under the same conditions but without X-Glu to subtract the turbidity 
derived from each fractionated sample. 

To analyze the solubilizing effect of Triton X-100, suspension I was 
also heated with and without 2.5% Triton X-100 at 85°C for 10 min 
and the supernatant was obtained by centrifugation at 15 000x^^ for 
10 min. The activity of the supernatants was measured using X-Glu as 
shown above, 

2.5, Measurement of the kinetic parameters 

The enzyme reactions were carried out at 90°C in a solution (200 
(il) containing the substrate and the purified His-BGPh in 50 mM 
phosphate buffer (pH 6) with 0.1% Triton X-100 and 0.3 M NaCl. 
For the hydrolysis of /7-nitrophenyl (p-Nph)-p-D-sacchandes, the re- 
action was terminated by the addition of 1 M Na2C03 (1 ml), then 
centrifuged at ISOOOXg- for 10 min. The concentration of the /?-Nph 
group in the supernatant was quantified by measuring the absorbance 
at 400 nm. For the hydrolysis of p-D-glucoside, the released glucose 
was analyzed with a Glucose C-II Test kit (Wako Pure Chemicals, 
Japan). Initial velocities were obtained- directly from the initial slopes 
of the time course plots. The and /ccat values were calculated using 
the Michaelis-Menten equation and the least squares method [12], 
The subsite affinity for a long alkyl chain was determined using the 
method reported previously [13-15] on the basis of the subsite theory 
[16]. 

2.6. Dependence on Triton X-100, optimum temperature, optimum pJI 
and thermostability 

To measure the dependence of the activity on Triton X-lOO, the 
enzyme reactions were carried out at 98°C for 20 min in 50 mM 
phosphate buffer (pH 6) containing Triton X-100 varying from 
0.1% to 0.00002%, 3 mM /7-Nph-P-D-glucopyranoside (y;-Nph-P-D- 
Glcp), 57.5 pM of the purified His-BGPh and 0.1 M NaCl. Optical 
density measurements at ^^400 were performed as described for the 
enzyme assays. 

The optimum temperature was measured from SQ^C to 100°C in 
150 mM citrate buffer (pH 5.0) without Triton X-100 and with 1 jiil of 
heated suspension I (BL21(DE3)/pET-lla/BGPh) as enzyme source. 
Further details of the measurement were described in the dependence 
on Triton X-100, 

The optimum pH was measured at 90°C in 139 mM buffer systems 
ranging from pH 3.9 to 5.5 in sodium acetate buffer and from 5.5 to 
7.99 in phosphate buffer with 1 |il of heated suspension I (BL21(DE3)/ 
pET-lla/BGPh or BL21(DE3)/pET-15b/BGPh). Further details of the 
measurement were reported in the determination of the optimum tem- 
perature. 

To measure the thermostability, the His-BGPh solutions (29 nM) in 
50 mM phosphate buffer (pH 6.0) containing 100 mM NaCl and 0.1% 



Triton X-100 were heated in sealed Eppendorf tubes at 90'*C in var- 
ious increments up to 24 h. The heated enzymes were assayed in 
phosphate buffer (pH 6.0) at 90''C as described for the determination 
of optimum temperature. 

2.7. Sequence alignment, phylogenetic tree and hydropacy profile 
Sequence alignment of p-glycosidases was performed using the 
^ GencWorks program (IntelliGenetics) based on a PAM-250 scoring 
matrix. The enzymes of interest were: BGPh studied in this paper and 
p-mannosidasc (BMPh) from P. horikoshii [S,9], p-glucosidase (BGPf) 
and p-mannosidase (BMPQ from Pyrococcus furiosus [17], and p-gly- 
cosidase (Sp-gly) from Sulfolobus solfataricus [18]. Phylogenetic trees 
for the same sequences were constructed using the GeneWorks pro- 
gram based on the unweighted pair group method with an arithmetic 
mean [19]. Each hydropacy profile was analyzed with DNASIS-Mac 
v2.0 software based on the Kyte and Doolittle method [20]. 



3. Results and discussion 

3.1. Localization of the activity in E. coli membrane 

The intracellular localization of His-BGPh was examined 
(Table 1). The activity was present in the membrane fraction 
whereas very little activity was detected in the soluble fraction 
after the ultraccntrifugation. The solubilizing efficiency with 
Triton X-100 was elevated by heating up to 85°C, whereas 
only 22% of the activity was extracted at room temperature. 
The best condition for the solubilization was 2.5% Triton X- 
100 at 85°C for 15 min. The native-type BGPh was also solu- 
bilized under the same condition as His-BGPh (data not 
shown); however, the denaturation with 8 M urea and the 
renaturation by direct dilution with buffer had no effect on 
the solubilization of the activity (data not shown). 

The activity of His-BGPh was dependent on the concentra- 
tion of Triton X-100. At 0.00002% Triton X-100, the activity 
decreased to 10% of that with 0.1% Triton X-100. Further- 
o more, His-BGPh was stabilized in the presence of 0.1% Triton 
X-100: the half-life of the activity at 90°C and pH 6.0 was 15 
h. These restilts strongly indicate that BGPh is a thermostable 
membrane protein. 

3.2. The substrate specificity of BGPh 

For BGPh both with or without His-tag, the optimum pH 
was 6.0 and the optimum temperature was over lOO^^C. The 
substrate specificity of His-BGPh was examined using /?-Nph- 
P-D-saccha rides and p-D-glucosides as substrates. The specific- 
ity is summarized in Table 2 in comparison with that of Sp- 
gly [7,21]. Mis- BGPh hydrolyzed aryl glycosides efficiently, 
showing A'c:n/^m values decreasing in the order /7-Nph-p-D- 
Glc/j > /;-Nph-p-D-Gal/; > p-Nph-P-D-Xyl;? > p-Nph-P-D-Man- 

p- Linked glucose dimers tested were poorly hydrolyzed; the 
order of preference was pi-3 > pl-4>pi-6. The /Ccat values of 
BGPh wiihout His-tag for these P-linked glucose dimers ap- 
proached 400 s*^', which is comparable with those of SP-gly 
(Table 2). His-BGPh had approximately 50% of the activity of 
BGPh due to interference by the His-tag located at the N- 
icrminus (data not shown). Surprisingly, the best substrates 
for His-BGPh were p-o-glucosides with long alkyl chains (LA- 
P-D-Glc/O- The A^,n values decreased according to the elonga- 
tion of the alkyl chain from Ci to Cn, although the kcai value 
was constant (approximately 35 s"') for each alkyl-P-D-Glc/?. 
The A'cai values of native-type BGPh for LA-P-D-Glcp ap- 
proached 70 s~', calculated on the basis of the value of 
II is- BGPh, estimating a 50% decrease in the activity from 
the inhibitory clfect of the His-tag. The value was also appre- 
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Table 1 

Cellular localization of the activity 



Cell fractions 


Activity after each treatment (/I 


62(0 






Sonication 


Non-heated 


Heated 


Non-heated with 
2.5% Triton X-100 


Heated with 
2.5% Triton X-100 


Suspension I 


0.585 


0.585 


0.567 


0.485 


0.428 


Supernatant at 9000 


0.112 


ND 


ND 


ND 


ND 


Supernatant at 15000x^ 


ND 


0.008 


0.005 


0.107 


0-255 


Supernatant at lOOOOOXg 


0.010 


ND 


ND 


ND 


ND 


Fraction precipitated at lOOOOOx^ 


0.478 


ND 


ND 


ND 


ND 



The transformant E. coli BL21(DE3)/pET-15b/BGPh cells were used for this cxperhiicnt. The enzyme reactions were performed at 90*'C and 
pH 6 for 15 min using X-Glu as substrate, and then Ae2i) w'as measured as shown in Section 2. 
ND: not determined. 



ciable, around 30% of that of Sp-gly (Table 2). The K^, value 
of His-BGPh for the hydrolysis of /j-dodecyl-P-D-Glcp (alkyl 
chain: Cu) was extremely low, 30 ^iM at 90°C and pH 6.0. Of 
the substrates examined thus far, the best substrate was //- 
dodecyl-P-D-Glc/? as shown in Table 2. The /ccat/^m value of 
His-BGPh against «-dodecyl-P-D-Glc/? was five times higher 
than that of /7-Nph-p-D-Glc/7 and 870 times higher than that 
of laminaribiose. Even the value for «-octyl-p-D-Glc/7 was 0.76 
times higher than that of p-Nph-p-o-Glc/? and 128 times high- 
er than that of laminaribiose. The /ccat/^m value of Sp-gly 
against «-octyl-p-D-Glc/?, with the longest alkyl chain so far 
examined [21], was 0.4-foId higher than that for p-Nph-P-D- 
G\cp and 0.48-fold higher than that for laminaribiose. Lami- 
naribiose and cellobiose were not good substrates for the hy- 
drolysis of His-BGPh because of their values higher than 
100 mM. His-BGPh also hydrolyzed cellotriose and cellote- 
traose with low efficiency: the kinetic parameters were not 
determined because of the extremely high A"m value, whereas 
Sp-gly was able to hydrolyze these oligosaccharides with high 
efficiency: the k^Jf^m values descended in the order: cellote- 
traose > cellotriose > cellobiose. Thus, the substrate specificity 
of His-BGPh is different from those of the other p-giycosi- 
dases, including SP-gly [7,17,21-23]. BGPh has a novel sub- 



strate specificity with high efficiency to hydrolyze LA-P-d- 
Glcp and low efficiency to hydrolyze any P-linked glucose 
dimer which is more hydrophilic than aryi- or alkyl-P-D- 
Glc/;. The subsile affinity {A{Cu)) to bind a long alkyl chain 
(di) was calculated according to the following equation: 
/J(Cii) = AV71n[(/v,at/A"m) for «-dodecyl-p-D-Glc/?/(^cat/^m) for 
^ mcthyl-p-D-GIc/?]. The affinity was determined to be 4.26 
kcal/mol. The value was reasonable when compared with 
the highest affiniiy (4.23 kcal/mol) known, that of the recog- 
nition of one glucose unit in the subsite structure of Saccha- 
loniycopsis amylase [13,14]. These facts indicate that the hy- 
di ophobiciiy of the aglycon part of the substrates is strongly 
recognized by the BGPh molecule and the hydrophobic sub- 
strates, including aryl- and LA-P-d-G1c/j, are hydrolyzed ef- 
fectively with low values due to hydrophobic interaction 
between the aglycon moiety and the BGPh molecule. Thus, 
BGPh might be useful to synthesize novel p-glycosides, in- 
cluding new biosurfactants, using its transglycosylation activ- 
ity because of its stability in organic solvents (data not 
shown). 

Henrissat proposed an alternate and complementary classi- 
fication scheme for glycosyl hydrolases based on amino acid 
sequence similarities [24-26]. For example, glycosyl hydrolase 



Table 2 

Comparison of the kinetic parameters between His-tagged BGPh from P. hon'koshii and Sfi-glu from S. soifataricus strain MT-4 against /?-Nph- 
p-D-saccharides and p-p-glucosides 



Substrates 


His-BGPh (90°C and pH 6.0) 


Sp-gly^ (75°C and pH 6.5) 




/:cat (s-') 


(mM) 






K.. (mM) 




Laminaribiose 


184 


138.23 


1.33 


908 


1.0 


908.0 


Cellobiose 


194 


1698.18 


O.ll 


1333 


30.0 


44.4 


Cellotriose 


ND^ 


ND 


ND 


197 


3.0 


66 


Cellotetraose 


ND 


ND 


ND 


584 


1.7 


343 


P-Gentiobiose 


ND 


ND 


ND 


1360 


100 


14 


p-Nph-p-D-Glcp 


79 


0.35 


225.67 


542 


0.5 


1084.0 


/)-Nph-p-D-Galp 


123 


1.30 


94.34 


1020 


4.7 


217.0 


;7-Nph-P-D-Xyl/7 


3 


0.10 


31.83 


284 


4.0 


71.0 


/?-Nph-p-D-Man/7 


2 


0.14 


14.60 




NH 


NH 


Salicin 


44 


1.96 


22.20 


sso 


5.0 


175.9 


Methyl-P-D-Glc;? (alkyl: Ci) 


35 


40.74 


0.85 


_d 






w-Amyl-P-D-Glc/? (alkyl: C5) 


31 


2.02 


15.11 


256 


1.1 


232 


/i-Hexyl-p-D-GIc;? (alkyl: Ce) 


33 


0.54 


60.28 


263 


1.0 


263 


/i-Octyl-P-D-Glc/? (alkyl: Cs) 


34 


0.20 


170.70 


313 


0.7 


434 


n-Nonyl-P-D-Glc/7 (alkyl: C9) 


39 


0.08 


471.57 








n-Decyl-P-D-Glc/7 (alkyl: Cio) 


37 


0.08 


469.62 








/7-Undecyl-P-D-Glc/7 (alkyl: Cn) 


43 


0.05 


944.37 








/i-Dodecyl-P-D-GIc/? (alkyl: C12) 


36 


0.03 


1152.90 









^Cited from [7,21]. 

''ND: the parameters were not determined because of too high 

•^NH: the substrate was not hydrolyzed by Sp-gly. 

**-: The parameters were not reported in the references. 



values. 
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Fig. 1. Aligned amino acid sequences of five p-glycosidases from hyperthermoplvlic inxiKiea. The abbreviations of the sources of the enzymes 
are: BGPh, p-glycosidase from P. horikoshii; BMPh, a p-mannosidase gene Iioiiuko!- P. horikoshii [8,9j; BGPf, p-glucosidase from P. fur- 
iosiis [17]; BMPf, p-mannosidase from P. furiosus [17]; Sp-gly, p-glycosidase rroni \ s(flja{aricus [18]. The conserved residues, identified auto- 
matically by the GeneWorks program, are shown in the open boxes. The reversed op n t: ! angles indicate the location of the nucleophile (E324) 
and the putative acid/base catalyst (E155 and HI 11). with R75 in the spatial pro.\i . "!* ihe nucleophile of BGPh. The arrow shows the prom- 
inent deletion of more than 30 residues found in BGPh. 



family 1 is composed of exo-acting, p-specific enzymes with 
similar amino acid sequences. The five p-glycosidases, includ- 
ing BGPh from the archaea domain (as shown in Fig. 1), 
belong to family 1. Some family 1 glycosyl hydrolases also 
have glycosyl transferase activities. The S. solfataricus p-glu- 
cosidase has been implicated in the glycosylation of mem- 
brane lipid components [27]. Similarly, the enzymatic analysis 
of BMPf predicted its possible role in the synthesis of intra- 
cellular components including protein, membrane components 
or other compounds [17]. Since the localization of BGPh on 
E. coli membrane strongly indicates the intimate interaction of 
the enzyme and lipid components, the detection of BGPh on 
the Pyrococcus cell surface using antibody against the enzyme 
must be done to clarify its true function in the Pyrococcus cell. 

3.3, The structural elements responsible for membrane 

localization and the conservation of residues forming the 
active site 

The sequence alignment among BGPh and four different p- 
glycosidases, whose biochemical characteristics have been re- 
ported [7,17,21-23], is shown in Fig. 1. According to the phy- 
logenetic analysis based on the alignment, the tree has three 
branches: one corresponding to a p-glycosidase group that 
includes BGPf and SP-gly; another containing BMPli and 
BMPf, which were close to p-mannosidase. BGPh belongs 
to the third branch, located some distance from the first 
two branches. The polypeptide length of BGPh is also ap- 
proximately 13% shorter than those of the other four p-giy- 
cosidases and might be one of the shortest sequences so far 
reported [8,17,18,28]. As shown in Fig. 1, the residues El 55 
and Hill of BGPh correspond to E206 and HI 50 as the 
putative acid/base catalyst in the SP-gly molecule [28,29], 
whose steric structure has been reported [30]. The residues 
E324 and R75 of BGPh correspond to E387, the nucleophile, 
and R79 in the spatial proximity of the nucleophile [28,29]. 
The complex structure of Bacillus polymyxa p-glycosidase 
with the inhibitor gluconate has been reported [31]. The 
BGPh residues, Q19, Hill, N154, E155, Y267, E324, W362, 
E369 and W370, are completely conserved (Fig. 1) and corre- 
spond to the B. polymyxa p-glycosidase residues Q20, HI 21, 
N165, E166, Y296, E352, W398, E405 and W406, which form 
the intimate interaction with the inhibitor [31]. 

To understand the localization mechanism of BGPh to the 
membrane, a major structural difference between BGPh and 
the other soluble p-glycosidases was analyzed using the se- 
quence alignment and the steric structure of Sp-gly [30]. The 
Sp-gly molecule has the classic (p/a)8 barrel fold first seen in 
the structure of triose phosphate isomerase [32]. For BGPh, 
the prominent deletion of more than 30 residues was found 
after the 78th residue, as indicated in Fig. 1. The deletion 
region of BGPh corresponds to loops from residues 89 to 
125 of Sp-gly, mainly shielding the helices 3 and 4 from sol- 
vent. The hydrophilic loops, which pack against the outer face 
of the barrel helices 3 and 4, were not present in the BGPh 



mo Ice \\ Tl.c increased hydro phobicity at barrel helices 3 and 
4 of RG/S is also indicated by the comparison of the hydro- 
pacy } ; of Sp-gly (data not shown). 

A tciu..iioric Sp-gly structure has been reported, in which 
these loo,) regions were located at the four edges of regular 
tetragonal molecular arrangement [30]. Since BGPh as well as 
Sp-giy \vc:c pi oved to be tetramer by gel filtration using buff- 
er cor' iiriru 0.01% Triton X-100 (data not shown), the dele- 
tion (.." L.c hydrophilic loops probably results in the expo- 
sure c . 3 and 4 to the solvent at the four edges of the 
teiriii- iiciure. The exposed hydrophobic areas might 
inter. I 1 lipid components to embed the molecule in the 
mem! . i-urthermore, the exposed hydrophobic areas may 
lead I livdrophobic substrates to the active site and bind 
thcp.T However, further studies using the crystallo- 
gra:M^ 'K^vsis aie needed for a more definitive description 
of i!iL- mechanism for recognition of the hydrophobic 
agt>Ci ' . ... including a long alkyl-chain. 

/IcAz/yn Av I r.cnis: We are grateful to Emiko Yamamoto and Toshie 
Kaiak ..i ijchiiical assistance. 
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